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Abstract: Glioblastomas (GBMs), among the most aggressive and resilient brain tumors,
characteristically exhibit high angiogenic potential, leading to the formation of a dense
yet aberrant vasculature, both morphologically and functionally. With these premises,
numerous expectations were initially placed on anti-angiogenic therapies, soon dashed by
their limited efficacy in concretely improving patient outcomes. Neovascularization in GBM
soon emerged as a complex, dynamic, and heterogeneous process, hard to manage with
the classical standard of care. Growing evidence has revealed the existence of numerous
non-canonical strategies of angiogenesis, variously exploited by GBM to meet its ever-
increasing metabolic demand and differently involved in tumor progression, recurrence,
and escape from treatments. In this review, we provide an accurate description of each
neovascularization mode encountered in GBM tumors to date, highlighting the molecular
players and signaling cascades primarily involved. We also detail the key architectural
and functional aspects characteristic of the GBM vascular compartment because of an
intricate crosstalk between the different angiogenic networks. Additionally, we explore the
repertoire of emerging therapies against GBM that are currently under study, concluding
with a question: faced with such a challenging scenario, could combined therapies, tailored
to the patient’s genetic signatures, represent an effective game changer?

Keywords: glioblastoma (GBM); aberrant angiogenesis; strategies of neovascularization;
pro-angiogenic factors; emerging therapies

1. Introduction
Glial tumors, also known as gliomas, are malignant neoplasms that grow in the brain

or, less frequently, in the spinal cord, whose cellular origin remains a matter of debate. This
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kind of tumor presumably arises from improperly reactivated glial cells or from aberrant
neural stem/glial progenitor cells, but the different hypotheses are not necessarily mutually
exclusive; distinct subtypes might have distinct tumor-initiating cells [1–6]. Gliomas can
occur at any age, even in children, representing the most prevalent and aggressive primary
tumors of the central nervous system (CNS) [7]. The disease is more frequently diagnosed
in Caucasians, ranging from 45 to 65 years old [8–13]. Epidemiological evidence has also
revealed higher incidence and shorter lifespan in males than in females, suggesting the
possible existence of sex-related aspects in tumorigenesis, survival rate, and response
to therapies [8,12,14–17]. However, regardless of gender, advanced age appears to be a
negative prognostic factor, with poorer outcomes [18,19].

Gliomas are mostly sporadic tumors, although a small fraction of cases (about 5%)
show familial features with the occurrence of the disease in two or more members of a family,
generally with early onset [20,21]. In this context, recent genome-wide association studies
(GWASs) through the identification of 25 putative risk loci (like TERT 5p15.33, MDM4
1q32.1, TP53 17p13.1, EGFR 7p11.2, and others) seem to support the scenario of a possible
polygenic susceptibility to gliomas. The underlying molecular mechanisms, however,
are still poorly understood [21–23]. In addition, approximately 1–2% of glial tumors
are strictly associated with hereditary diseases, such as neurofibromatosis type 1, Lynch,
Li–Fraumeni, Turcot, and Cowden syndromes [17,24]. Furthermore, several potential
predisposing factors, including exposure to environmental agents, lifestyle choices, and
unhealthy behaviors that may be related to a higher incidence of gliomas, are currently
being studied. Individuals with a history of allergies or asthma, curiously, seem less
inclined to develop glial tumors. However, to date, exposure to ionizing radiation is the
only proven and well-documented environmental risk factor [17,21].

Given the level of heterogeneity, an integrated and layered diagnosis, although chal-
lenging, is required to ensure the most appropriate patient management. Specifically,
gliomas form a wide collection of low- to high-grade tumors classified in compliance
with the 2021 fifth edition World Health Organization (WHO) classification of tumors
of the CNS [25–27]. Based on histopathological aspects, immunohistochemical features,
and molecular/cytogenetic profiles, indeed, adult-type diffuse gliomas are currently cate-
gorized into three tumor types, as follows: (1) isocitrate dehydrogenase (IDH)-mutant and
1p/19q-codeleted oligodendrogliomas, (2) IDH-mutant astrocytomas, and (3) IDH-wildtype
glioblastomas [28]. Furthermore, tumor grading, from grade 1 (the least aggressive) to
grade 4 (the most aggressive) in terms of malignancy, is established not only by evalu-
ating different histological criteria (mitosis, nuclear atypia, microvascular proliferation,
and necrosis) but also by assessing molecular characteristics [29,30]. Moreover, under the
updated classification, the presence of CDKN2A/B homozygous deletion is sufficient to
consider an astrocytoma IDH-mutant, WHO grade 4, even without microvascular prolifera-
tion and/or necrosis. In the same way, an IDH-wildtype astrocytoma falls under the group
of glioblastomas in the presence of at least one of the following characteristics: necrosis
and/or microvascular proliferation and/or TERT promoter mutation and/or EGFR gene
amplification and/or concomitant gain of chromosome 7 and loss of chromosome 10 [28].

Glioblastoma multiforme (GBM), with a median overall survival (OS) of around
15 months, represents, among gliomas, the most malignant and poorest prognosis
form [31–33]. Hallmarks such as rapid growth, a highly infiltrative nature, a pronounced
tendency to recur, and refractoriness to therapeutic options make GBM essentially incur-
able [34,35]. A “one-size-fits-all” approach (Stupp protocol) is currently used for glioblas-
toma patients. Specifically, the standard of care involves an aggressive, multimodal, tripar-
tite strategy: safe surgical debulking, radiotherapy, and adjuvant chemotherapy with the
alkylating drug temozolomide (TMZ) [35–37]. However, despite ongoing efforts to counter-
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act the inexorable progression of the disease, treatment plan effectiveness is insufficient,
leading to only slight improvements in survival rates [38].

One of the key features of GBMs is their extensive vascularization [39]. This signature
trait has led to hopes for the success of anti-angiogenic therapies that have emerged in
the last decades as a promising treatment option for several types of solid tumors [40]. By
starving GBM, indeed, given the great vascular density, it was expected that this could stop
or slow down its progression, leading to better prognoses [41]. Furthermore, by normaliz-
ing the tumor vascular network, anti-angiogenic therapies would have improved the tissue
distribution and effectiveness of chemotherapeutic agents [42]. With these premises, GBM
angiogenesis has become an important research focus, and in 2009, the FDA approved beva-
cizumab monotherapy—a recombinant humanized antibody against VEGF—for recurrent
glioblastoma treatment [43–45]. However, as suggested by various clinical studies, while
angiogenesis inhibitors (usually combined with conventional therapies) tend to improve
the OS and/or PFS when used for the treatment of several tumors such as metastatic
colon–rectal cancer, advanced non-small-cell lung cancer, or metastatic renal cell carcinoma,
the introduction of anti-angiogenic therapies for the management of GBM patients, al-
though initially promising, turned out to be only a “meteor” [46–54]. Apart from tumor
recurrence or acquired resistance to angiogenic inhibitors, some evidence paradoxically
reports a worsening in GBM aggressiveness after bevacizumab therapy [55]. The marginal
clinical benefits may be attributed to the tumor resorting to alternative modes of neovas-
cularization, aside from canonical angiogenesis, eventually exacerbated or activated as
a compensation strategy by anti-angiogenic drugs. GBM harbors an exceptional level of
intra- and inter-tumor heterogeneity as well, which poses further challenges in treatment.
With the advances of groundbreaking research, three distinct molecular subtypes have been
identified, namely classical (CL), proneural (PN), and mesenchymal (MES), characterized
by different genetic backgrounds, prognoses, and therapeutic sensitivity [56]. Presum-
ably, distinct subtypes exploit alternative neovascularization strategies, pro-angiogenic
factors, and escape routes in a temporally and spatially variable manner. GBM with a
mesenchymal signature, known for its worst outcomes, appears to strongly activate the
trans-differentiation mechanism, for example, compared to the other subtypes, as sug-
gested by the higher angiogenic potential of MES-GBM cancer stem cells (GSCs) relative to
those of the PN subtype [57–59]. Moreover, unlike the other phenotypes, the mesenchymal
one shows the greatest upregulation of pro-angiogenic factors like VEGF, VEGFR1/2, and
PECAM1 (a signaling molecule expressed specifically by the endothelium). Additionally,
the MES vasculature exhibits a higher Ki-67 index than the PN and CL subtypes, indicating
enhanced levels of endothelial proliferation [60]. Therefore, understanding the inter-patient
heterogeneity associated with different modes of neovascularization, as well as the multi-
tude of underlying molecular dynamics and actors involved, is crucial for contributing to
the development of novel personalized therapies.

In the present article, we review the multiple modes of neovascularization observed in
the GBM ecosystem so far, summarizing the key factors and principle pathways involved.
We also emphasize the structural features of tumor vasculature, as the result of the complex
interplay between different neovascularization mechanisms. Moreover, we provide an
updated version of the emerging therapeutic scenario in the fight against GBM angiogenesis,
highlighting the urgent need for a different and innovative therapeutic approach, based on
the specific molecular profile of the patient, with the possibility of combining therapies to
hit multiple pathways, also those involved in angiogenesis.
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2. GBM Vascularization: Morphological and Functional Aspects
Angiogenesis, the generation of new blood vessels from pre-existing vascular net-

works, holds a pivotal role in both physiological and pathological settings, including
cancer [61]. In order to grow, infiltrate the surrounding tissue, and eventually metastasize,
tumors need an increased blood supply to meet the rising demand for nutrients, oxygen,
and waste removal [62]. In this context, compared with other solid tumors, GBM has a
marked angiogenic potential [63]. Interestingly, however, tumor-associated blood vessels
are characterized by various morphological and functional abnormalities, deserving of
a deeper evaluation (Figure 1) [64]. Neovascularization in GBM is often described as
accelerated yet dysfunctional [65,66]. In depth, newly sprouted blood vessels appear di-
lated, fenestrated, and highly permeable; have a tortuous course; and give rise to a poorly
branched and disorganized tree-like structure. Sometimes, immature or dead-end blood
vessels are also formed [67,68]. In addition, GBM vasculature does not present the classical
hierarchical organization into arterioles, venules, and capillaries [69]. Moreover, “glomeru-
loid microvascular proliferations”—vascular clusters made of hyperplastic endothelial cells,
smooth muscle cells, and pericytes—are also present, commonly near necrotic foci [68].
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Figure 1. Some important morphological aspects of angiogenesis in GBM (E&E staining). (A) The
image shows glomeruloid vessels (vessels with multiple lumina) and endothelial multilayering
because of endothelial hyperplasia (200× magnification). (B) Atypical, branched vessel network
(100× magnification). (C) An island of viable tumor cells encircling the blood vessels in a radial
pattern (200× magnification). (D) Ectatic hyalinized vessels and intervening spindle-shaped stromal
cells (200× magnification).

At a single-cell level, GBM-associated endothelial cells (GECs) reveal larger sizes,
larger nuclei, multiple nucleoli, and a flattened, veil-like appearance, unlike the cobblestone-
shaped ones typically found in normal brain tissue [70,71]. GECs are also more resistant
to apoptosis and migrate faster, exploiting chemo-kinesis instead of chemotaxis [70]. This
blood vessel dysmorphia ultimately causes several functional defects, leading to increased
regional hypoxia, a non-homogenous blood supply, enhanced permeability, and possible
edema formation along with increased interstitial fluid pressure which overall hinders ef-
fective drug delivery [69,72–74]. Actually, a broad spectrum of different neovascularization
patterns participates in the creation of such a particular vascular bed [75].

3. Different Strategies of Neovascularization in GBM
Sprouting angiogenesis represents the canonical process by which solid tumors build

new blood vessels. However, advances in research have identified several alternative
mechanisms implicated at various levels in tumor growth, progression, and drug resis-
tance [76]. Currently, to what extent each mechanism plays a role in human brain cancer
remains a controversial issue, as well as their involvement in the development of resistance
to anti-angiogenetic drugs, as supported by clinical evidence [77,78]. Understanding the
relative contribution in the context of GBM would lead to a deeper comprehension of the
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biology of angiogenesis. Recognizing how the various mechanisms interact (if they work
together or sometimes antagonize each other or are occasionally activated as a compen-
satory mechanism) and what the underlying regulatory pathways are is a necessary step in
designing more effective therapeutic approaches [76,79].

To date, (1) sprouting angiogenesis, (2) vasculogenesis, (3) vessel co-option, (4) vascular
intussusception, (5) vessel mimicry, and (6) the trans-differentiation of cancer stem-like
cells are all strategies that GBM can exploit to ensure a proper “fuel supply” [80]. Vessel
co-option and vessel mimicry, in particular, have recently emerged as important players in
several tumor types, as they are involved in both metastasis and resistance mechanisms to
vascular-directed therapies [78,81,82].

3.1. Sprouting Angiogenesis

Angiogenesis, more specifically termed sprouting angiogenesis (SA), is a dynamic
but strictly monitored process in time and space, which ensures the formation of vascular
branches from pre-existing blood vessels when required, maintaining regular homeosta-
sis [83,84]. Insufficient angiogenesis can lead to chronic wounds, ischemia, or hair loss,
while excessive angiogenesis is often associated with eye disease, rheumatoid arthritis, or
cancer [85].

SA represents the principal mechanism by which neovascularization occurs after
birth, even if in the healthy adult it becomes largely quiescent [85,86]. The process turns
on/off based on a delicate balance between pro- and anti-angiogenic factors [85]. Nu-
merous mechanical (increasing blood flow, shear stress), chemical (hypoxic conditions,
increased levels of nitric oxide), and molecular (growth factors, chemokines CXC-1, -2,
-3, -5, -6, -7, and -8, hypoxia-inducible factor, integrins, and others) signals can trigger
angiogenesis [87]. On the other hand, there exist main endogenous angiogenesis inhibitors
(endostatin, angiostatin, chemokines CXC-4, -9, -10, -11, -12, and -14, thrombospondin,
pigment epithelium-derived factor, interferon-α, -β, and -γ), often peptides or protein
fragments present in the bloodstream or confined to the extracellular matrix [88,89].

Angiogenesis is a complex and multi-step process structured as follows: (1) angio-
genic input; (2) degradation of extracellular matrix and dissolution of capillary basement
membrane and activation of quiescent endothelial cells; (3) proliferation and migration of
endothelial tip cells (cells located at the tips of the growing vessel that migrate following the
VEGF concentration gradient); (4) tubulogenesis (the formation of an endothelial tube-like
structure); and (5) the formation of a mature basement membrane with pericytes [83,90,91].
In GBM, with the “angiogenic switch” (Figure 2), the transition from dormant, avascular
hyperplasia to the characteristic highly vascularized tumor with exuberant angiogenesis,
the balance is disrupted and tips in favor of the pro-angiogenic factors [75,92]. Blood
vessel sprouting, caused by an increase in angiogenesis activators, is promoted by hypoxic
microenvironments, genetic alterations, and crosstalk between different cell types [63,83].

The key players and the principle molecular signaling pathways orchestrating abnor-
mal angiogenesis in GBM are specifically described below.

3.1.1. Hypoxia and Hypoxia-Inducible Factors

The hypoxic microenvironment—low tumor oxygenation—is the main driver of GBM
angiogenesis. In the early stages, the tumor mass, being smaller than 1 mm, takes the
necessary oxygen and nutrients from the pre-existing tissue vasculature [93]. However,
beyond this size, in line with Folkman’s theory, the resulting hypoxic tumor ecosystem
instigates the formation of new blood vessels through a series of genetic changes, necessary
to feed the rapidly growing malignancy [93,94].
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Figure 2. Schematic representation of the “angiogenic switch” in GBM. During tumor progression,
the needle of the scale shifts in favor of pro-angiogenic factors, released by GBM cancer cells and
TME, under hypoxic conditions, resulting in aberrant growth of GBM vasculature. Abbreviations:
GBM, glioblastoma; TME, tumor microenvironment; VEGF, vascular endothelial growth factor; FGF,
fibroblast growth factor; TGF-beta, transforming growth factor-beta; PDGF, platelet-derived growth
factor; ANG, angiopoietin; MMP, matrix metalloproteinase; PDGFR, platelet-derived growth factor
receptor; VEGFR, vascular endothelial growth factor receptor. This figure was created with Servier
Medical Art (https://smart.servier.com).

Hypoxia-inducible factor-1 (HIF-1) is the key mediator of cellular adaptation to hy-
poxic stress [95]. HIF-1 is a ubiquitously expressed transcription factor whose biological
activity revolves around the formation of a heterodimer comprising the oxygen-labile
α-subunit and the stable nuclear β-subunit [96]. Under normoxic cellular conditions, cells
by default continuously produce but also rapidly degrade HIF1-α. In particular, with good
oxygen levels, the prolyl hydroxylase domain (PHD) 1-3 hydroxylates HIF-α at the two
proline residues 402 and 564 within the oxygen-dependent degradation domain (ODDD).
The hydroxylated HIF1-α is then recognized and polyubiquitinated by Von Hippel–Lindau
(VHL) E3 ubiquitin ligase and thus marked for proteasomal degradation. In contrast, under
hypoxic conditions, HIF1-α is stabilized and accumulates in the cellular nucleus, where it
forms a heterodimer with the β-subunit. Through binding to hypoxia response elements
(HREs), HIF-1 ultimately modulates the expression of numerous target genes [95,96]. In
GBM, due to the robust proliferation index and the aberrant angiogenesis, a highly hypoxic
environment typically occurs [97]. In this context, HIF promotes the transcription of several
pro-angiogenic factors, including VEGF, PDGF, angiopoietins, and their cognate receptors,
as well as MMPs [95]. High levels of HIF-1 positively correlate with GBM development,
metastasis, systemic dissemination, angiogenesis, and resistance to treatments [98,99].
Sometimes, in GBM, HIF can be activated even in normoxic conditions in the case of EGFR
amplifications/mutations or in the case of PTEN/TP53 loss [99].

3.1.2. Pro-Angiogenic Factors

VEGF. Vascular endothelial growth factors (VEGFs) portray a family of homodimeric
glycoproteins (molecular weight of about 40 kDa) with a cystine-knot motif that includes

https://smart.servier.com
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seven different members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, the placental growth factor
(PIGF), viral VEGF-E, and snake venom VEGF-F [100–102]. These factors trigger signal
transduction cascades, binding to a three-member family of tyrosine kinase receptors with
different specificity: vascular endothelial growth factor receptor-1 (VEGFR-1), VEGFR-2,
and VEGFR-3 [103]. VEGF-R1 binds to VEGF-A and -B and PIGF, and VEGF-R2 is specific
to VEGF-A, -C, and -D, while VEGF-R3 selectively binds to VEGF-C and -D. Furthermore,
VEGF receptors perform their biological functions by interacting with different co-receptors,
such as neuropilin-1 and -2 and heparan sulfate proteoglycans [104].

Researchers’ attention has mainly focused on the multifunctional cytokine VEGF-A,
the most representative regulator of both normal and pathological angiogenesis [105–107].

Within a tumor context, various cell types secrete VEGF-A, including cancer cells
but also endothelial cells, macrophages, and fibroblasts [107]. Although VEGF-A binds
to both VEGFR-1 and VEGFR-2, VEGF-A/VEGFR-2 is the dominant signaling path-
way [108]. Several factors produced in response to hypoxic tumor microenvironments
(HIFs, PDGF, EGF) or independently of hypoxia can induce VEGF and VEGFR upregu-
lation in GBM [54,108,109]. In particular, high levels of VEGF-A mRNA were detected,
especially near necrotic areas in GBM tumors [110]. Furthermore, the VEGF-A expres-
sion rate increases from low-grade to high-grade gliomas and negatively correlates with
GBM patients’ survival [111,112]. Moreover, GBM exhibits the highest content of VEGF
protein, compared with other brain tumors, such as ependymomas, meningiomas, and
medulloblastomas [113]. Triggering signaling pathways (such as PI3K/AKT/mTOR,
RAS/RAF/MEK/ERK, SRC/FAK, and p38 MAPK), VEGF-A/VEGFR-2 promotes vas-
cular permeability as well as EC proliferation and migration. However, besides stimulating
tumor angiogenesis, VEGF-A is also implicated in the growth, survival, and infiltration
of tumor cells, particularly in aggressive tumors. Although VEGF mainly acts through
paracrine mechanisms by binding to receptors expressed on the tumor vasculature, GBM
cancer cells are also able to express VEGFRs, stimulating malignancy progression through
autocrine signaling [54,92,113,114]. Furthermore, it has been observed that VEGF-A pro-
motes tumorigenesis and angiogenesis in human GBM cancer stem-like cells, though it
is still unclear whether it also stimulates their proliferation and through what mecha-
nisms [115]. The alternative splicing of VEGF-A pre-mRNA allows for the production
of various protein isoforms, characterized by different molecular weights, biochemical
properties, and biological functions. VEGF-121, the lighter variant with no heparin-binding
domain, is the main isoform in circulating blood, believed to be predominantly involved
in vascular permeability and less involved in tumor angiogenesis [116,117]. The heavier
isoforms, VEGF-A189 and VEGF-A206, are closely anchored to the extracellular matrix by
their two heparin-binding domains, serving as a valuable source of VEGF [116,118,119].
Instead, the intermediate-weight VEGF-A165 isoform, which has a single heparin-binding
domain, presents in-between ECM-binding properties, showing excellent bioavailabil-
ity [116,118]. As recently suggested by D’Alessandris et al., GBMs can synthetize all VEGF
isoforms. Therefore, since bevacizumab binds to all VEGF splicing products, the sensitivity
of each GBM tumor to anti-angiogenic treatment may depend on the relative amount of the
various isoforms produced [120]. Martini and colleagues, using a brain xenograft model of
human GBM cells, observed that VEGF-A121 plasma levels correlate with tumor size and
that VEGF-A121 concentration in peripheral blood markedly decreases after bevacizumab
administration. Additionally, if higher levels of circulating VEGF-121 may result in less
bevacizumab being available to target the other, more clinically relevant VEGF isoforms,
the research group demonstrated that patients with lower baseline VEGF-121 concentra-
tions and lower VEGF-121 reduction after bevacizumab treatment had better prognoses.
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Therefore, the circulating VEGF-A121 levels could be a potential predictive biomarker for
response to bevacizumab in GBM patients [116].

Apart from VEGF-R2, VEGF-R1 under physiological conditions can prevent excessive
blood vessels sprouting by acting as a negative regulator, but when upregulated in tumors,
it seems to contribute to aberrant angiogenesis [121]. VEGFR-3, instead, normally medi-
ates lymphoid proliferation, but evidence suggests its involvement in tumor metastases.
However, more investigations are required in this thematic area [121].

FGF. The human genome encodes 22 polypeptides (molecular weights range from
17 to 34 kDa) that form the broad family of fibroblast growth factors (FGFs), with
FGF1 (acid FGF) and FGF2 (basic FGF) being the first members to be identified in the
1970s [122–125]. FGFs mediate the behaviors (proliferation, differentiation, migration,
survival) of various cell types, tissue maintenance, and wound healing through fi-
broblast growth factor receptor (FGFR) activation [124,126,127]. However, improper
FGF/FGFR signaling is also implicated in cancer progression and tumor-induced angiogen-
esis [128]. Previous studies have widely highlighted FGF upregulation in various tumor
contexts [129–135]. In glioblastoma cases, specifically, increased levels of both FGF2 mRNA
and proteins have been reported through Northern blotting, immunohistochemistry, and
in situ hybridization.

Moreover, the expression rate of FGF2 was positively correlated with tumor aggres-
siveness and vascular density [136,137]. Compelling evidence, in fact, shows that FGF2
plays a crucial pro-angiogenic role in GBM [138]. Basically, FGF2, in synergy with VEGF,
stimulates endothelial cell replication and migration as well as the proteolysis of the extra-
cellular matrix, necessary for the formation of new blood vessels [139–142]. Interestingly,
FGF inhibitors have shown anti-angiogenic effects in murine models, also leading to an
increase in tumor cell apoptosis [143]. Indeed, it has been observed that FGF2 can promote
glioma cell survival by upregulating BCL2 and seems to support, together with EGF, the
self-renewal of GBM stem-like cells [144,145]. In addition, an in vitro study by Toyoda
et al. demonstrated how FGF2, secreted by GBM cells, can improve blood–tumor barrier
functionality, contributing to the typical GBM refractoriness to therapies [146]. Furthermore,
aberrant FGF2/FGFR signals are also involved in acquired resistance to anti-VEGF drugs
in GBM patients, but the related mechanisms remain to be clarified [147].

FGFRs comprise a group of five transmembrane tyrosine kinase receptors, from FGFR1
to FGFR5 (FGFR5 is a truncated receptor, lacking the cytoplasmic tyrosine kinase do-
main) [148]. Cognate ligand/receptor interactions trigger various intracellular molecular
pathways, including RAS/MAPK, PLCγ, PI3K-AKT, and STATs [149–152]. However,
approximately 8% of gliomas harbor FGFR genomic aberrations in the form of activat-
ing mutations, amplifications, and structural rearrangements, which contribute to tumor
progression. FGFR-TACC fusion and FGFR1/FGFR3 amplifications constitute the most
common variants [153–155].

TGF-β. The three well-characterized transforming growth factor-β (TGF-β) isoforms
(TGF-β 1, -β 2, and -β 3) are 25 kDa cytokines with pleiotropic effects, secreted as inactivate
precursors almost ubiquitously in the human body [156]. TGF-βs, by activating three
specific membrane receptors (TβRI, TβRII, TβRIII), trigger both Smad-dependent and
Smad-independent molecular pathways (PI3K/AKT, RHO, PAR6, ERK, JUNK, p38, NF-
κB, and TRAF4/6), leading to different, context-dependent, cellular responses [156–158].
Intriguingly, TGF-β shows a dualistic behavior in tumorigenesis, acting as a cancer re-
pressor in healthy tissues/premalignant stages but also turning into a strong promoter of
tumor progression and malignancy in advanced disease [159]. Specifically, dysregulated
TGF-β signals drive more aggressive tumor phenotypes supporting angiogenesis, infiltra-
tion, metastasis, immunosurveillance evasion, and epithelial-to-mesenchymal transition
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programs [159–165]. Even in GBM, the so-called “TGF-β paradox” has been widely ob-
served [166,167]. Increased TGF-β has been found in the most aggressive gliomas and
represents a poor prognostic marker, both in terms of the PFS and OS [167]. TGF-β, secreted
by cancer cells or other cell types in the surrounding microenvironment, also encourages
GBM neovascularization, mainly by augmenting the levels of the pro-angiogenic factor
insulin-like growth factor-binding protein 7 (IGFBP7) in the tumor endothelial fraction [168].
Furthermore, impaired TGF-β signaling indirectly stimulates endothelial cell proliferation
and ECM remodeling in GBMs, increasing VEGF production and MMP functionality, respec-
tively [169,170]. Additionally, cell proliferation through TGF-β/Smad has been highlighted
in human glioma cell lines. Indeed, apart from TGF-β, phospho-Smad overexpression has
been demonstrated by in vivo studies [171].

PDGF. Initially isolated from human platelet α-granules but also released by other
cell types, platelet-derived growth factor (PDGF) acts as a potent stimulator of fibroblast,
glial cell, and smooth muscle cell proliferation, apart from being involved in migration and
chemotaxis [172–176]. The PDGF family includes four protein chains (PDGF-A, PDGF-B,
PDGF-C, PDGF-D) that can variously combine to generate disulfide-bonded homodimers
(PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD) and heterodimers (PDGF-AB), mediating
all the biological effects ascribable to PDGF, through PDGFR activation [177,178]. Platelet-
derived growth factor receptors (PDGFR-α and PDGFR-β) are single-pass membrane
tyrosine kinase glycoproteins with a molecular weight of approximately 180 kDa [179].

After proper stimulation by the ligand, PDGFRs trigger multiple downstream sig-
naling cascades, including PI3K/AKT, JAK/STAT, the Notch pathway, and MAPK/
ERK [180,181]. Aberrant PDGF signaling networks show tumorigenic potential in a variety
of tumor forms, contributing to progression, metastasis, angiogenesis, the EMT, and anti-
VEGF escape [182–185]. Both ligands and their receptors were found to be upregulated
in gliomas. About 20% of GBMs exhibit genetic alterations in PDGF/PDGFR signaling,
commonly PDGFs activating mutations/chromosomal rearrangements or PDGFR amplifi-
cations/overexpression [182,186,187]. Mounting evidence demonstrates that PDGF-B is the
main factor involved in promoting GBM angiogenesis by stimulation through its receptor
PDGFR-β, pericyte recruitment, and increasing VEGF levels in the developing tumor vascu-
lature [188]. Furthermore, in GBM tissues, in situ hybridization analyses have revealed the
enhanced expression of both PDGF-B and PDGFR-β mRNA in the proliferating endothelial
component, particularly in glomeruloid structures and small capillaries, suggesting the
existence of autocrine angiogenesis-stimulating loops [189]. GCSCs express PDGFR-β more
frequently than PDGFR-α. In GBM cell lines, the genetic or pharmacological inhibition
of PDGFR-β has been proven to cause a lowering of GSCS self-renewal potential and a
decrease in GBM progression [186]. Instead, PDGFR-α targeting in vitro promotes apopto-
sis in GCSCs resistant to anti-Notch/anti-EGFR therapy [190]. It has also been suggested
that PDGF-α/β inhibition with CP-673451 both attenuates proliferation/invasion rates and
stimulates differentiation in GBM/GCSCs cell lines via DUSP1/p38 MAPK [191].

Angiopoietins. Originally discovered in 1996, angiopoietins constitute a small class of
four endothelial growth factors, angiopoietin-1 (Ang1), Ang2, Ang3 (in mouse), and Ang4
(in humans), which structurally share an amino-terminal “superclustering” region, followed
by a coiled-coil motif involved in multimerization and a carboxy-terminal fibrinogen-like
domain necessary for receptor binding [192–194]. All angiopoietins act through Tie-2
(also known as TEK), a tyrosine kinase receptor specifically expressed on endothelial
cells and their precursors [195–197]. The Tie family also includes Tie-1, a poorly defined
orphan receptor that presumably affects Ang1-Ang2/Tie-2 signaling, modulating both
physiological and pathological neovascularization [198,199].
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Ang1 is a natural TEK agonist, essentially involved in vascular maturation and quies-
cence, whereas Ang2 functions as a context-specific agonist or antagonist of TEK, promoting
angiogenesis or blood vessel destabilization/cell death in the presence or absence of VEGF-
A, respectively [193,200,201]. Interestingly, the angiopoietin/Tie2 ligand/receptor system
is frequently perturbed in cancer patients. It has been remarked that an altered expression
profile of Angs can intensify the aggressiveness of ovarian cancer, lung carcinoma, and hu-
man gliomas, while their contribution to tumor angiogenesis is not well defined [202–205].
Various studies conducted on this research topic have revealed conflicting data, reporting,
in some cases, pro-angiogenic roles and, in other cases, anti-vascular effects of upregulated
Ang1 or Ang2 [206]. In GBM, the Ang/Tie-2 axis presumably contributes to aberrant
angiogenesis [206]. Furthermore, Northern blot and in situ hybridization analyses showed
the differential expression of Ang ligands in human GBM tissue samples: the upregu-
lation of Ang1 was found in tumor cells, while Ang2 mRNA was detected only in the
endothelial cells within the tumor mass but exclusively in correspondence with small
capillaries. In addition, immunohistochemistry indicated enhanced levels of Tie-2 receptor
in tumor vasculature, compared to in healthy brain tissue, in a rat glioma model [207].
Moreover, apart from endothelial cells, GBM tumor cells are also capable of expressing the
Tie-2 receptor [208]. The exact biological significance of this imbalanced pathway in GBM
has yet to be elucidated. However, it has been observed that a double pharmacological
blockade of VEGF and Ang2 in two murine GBM models (Gl261 and U87) allowed the
normalization of tumor vasculature and interfered with malignancy progression, leading
to better prognoses [209]. Other experts have highlighted that the protein levels of Ang4
are also enhanced in human GBM tissues. Being implicated in tumor angiogenesis and
development, it could be a potential future therapeutic target [208].

3.1.3. Proteinases

MMPs. The family of matrix metalloproteinases (MMPs) includes a large collection
of endopeptidases with different substrate specificity, which specifically require zinc and
calcium to perform their enzymatic activity [210]. Described for the first time in the
tadpole, MMPs have rapidly emerged as the group of proteases mainly involved in ECM
remodeling [211]. Collectively, by cleaving internal peptide bonds, MMPs are able to break
down the majority of protein components constituting connective tissues such as collagen,
elastin, fibronectin, gelatin, and casein [211]. ECM degradation is a crucial step both during
embryonic development and in postnatal life. However, apart from mediating several
physiological processes, dysregulated MMP activities are commonly found in pathological
states, including tumor neovascularization, invasion, and spread [212,213].

Basically, MMPs augment angiogenesis through multiple mechanisms spanning from
increasing the bioavailability of ECM-bound pro-angiogenic mediators to facilitating en-
dothelial cell migration and pericyte detachment from growing vessels [214].

Comparing different cancer types, RNA-seq analyses have recently outlined a highly
heterogeneous MMP expression, showing overall enhanced levels of MMP1, MMP9,
MMP10, MMP11, and MMP13 but the downregulation of MMP2, MMP7, MMP23B, MMP27,
and MMP28 [213]. The potential role of MMPs in glioma pathogenesis has also been in-
vestigated. In this respect, accumulating data have highlighted an increased expression
of MMP1, MMP-9, MMP-11, and MMP-19 in GBM tissues, both at the mRNA and protein
levels. Upregulated MMP-1 and MMP-9 negatively correlate with the patient’s progno-
sis, while MMP-11 overexpression seems to be associated with a more aggressive GBM
phenotype [215,216]. Furthermore, it has been observed that an unbalanced MMP9 ac-
tivity elevates the rate of cell proliferation and the clonogenic potential in U87 GBM cell
lines [217]. Moreover, a randomized phase III study has shown that newly diagnosed GBM
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patients with low MMP9 plasma levels respond better to bevacizumab, with an improved
OS, reinforcing the hypothesis of its concrete involvement in GBM angiogenesis [218]. The
therapeutic value of conventional chemotherapy combined with a broad-spectrum MMP
inhibitor in the treatment of GBM has recently been studied in some clinical trials, with
encouraging data [219].

3.2. Vasculogenesis

During embryo development, the primitive vascular system originates from the ex
novo assembly of endothelial precursor cells derived from the mesoderm, during a process
known as vasculogenesis [220,221]. For a long time, it has been considered a mechanism
exclusive to the intrauterine period [222]. Even in adult life, in reality, different scenarios
require vasculogenesis activation like wound healing, stroke, ischemia, or tumor develop-
ment [223]. Bone marrow, hematopoietic stem cells, myeloid cells, and tissue-resident cells
(adipose, cardiac, dental, or neural tissue) can all be putative sources of adult endothelial
progenitor cells (EPCs). Subsequent to GBM’s recruitment of EPCs, they predominantly
occupy the hypoxic niches and start to differentiate into mature endothelial cells, initiating
the formation of new blood vessels [222,224,225]. In GBM patients, as with other tumor
types, the circulating levels of EPCs were found to be elevated compared to in healthy
individuals. Furthermore, it has been shown that an increase in glioma malignancy grade
is positively correlated with a higher fraction of VEGF-R2+ cells [226]. Moreover, EPC
recruitment, which appears more prominent in GSC-enriched GBM tumors, is also further
intensified after radiotherapy treatment. In a radiotherapy-treated GBM xenograft model, it
was observed that the tumor was able to recover its damaged endothelial fraction through
the induction of vasculogenesis. Both HIF-1 (activated by hypoxia and reoxygenation after
radiotherapy) and stromal cell-derived factor-1 (SDF-1), along with its receptor CXCR4,
play a crucial role in recruiting bone marrow-derived cells (BMDCs) to the tumor [227–230].
Through the pharmacological targeting of HIF-1 or the inhibition of CXCR4 with neutraliz-
ing antibodies, the influx of BMDCs was interrupted, contrasting tumor recovery. These
results reiterate the need to target GBM on multiple fronts, also considering the existence
of vasculogenesis as a compensatory mechanism of neovascularization exploited by the
tumor [231].

3.3. Vessel Co-Option

That cancerous cells can co-opt a pre-existing vascular system has been demonstrated,
for the first time, in a rat C6 glioma model. Tumors affecting the brain, liver, and lungs, or-
gans characterized by a high vascularization level, show the phenomenon more commonly.
Specifically, during blood vessel co-option, tumor cells, given their infiltrating ability,
penetrate the healthy tissue and migrate along the pre-existing capillaries, eventually
wrapping them and guiding them into the tumor mass so that host vasculature-dependent
proliferation can start [82,232]. Recent studies suggest that the vessel co-option (VC)
mechanism can be intrinsic to the tumor or eventually exacerbated by anti-angiogenetic
therapies/chemoradiotherapy, allowing GBM to recur inexorably [233,234].

There is currently no detailed information on the vessel co-option modus operandi
due to the challenges related to the longitudinal observation of VC in vivo and the lack of
adequate in vitro models [235]. Ang-2, IL-8, CDC42, CXCR4/SDF1α, bradykinin, ephrinB2
(only when upregulated), and Olig2/Wnt7a have emerged as some of the key players in
driving GBM vessel co-option [234].

3.4. Vascular Intussusception

Vascular intussusception (VI) takes place when a pre-existing blood vessel splits into
two functional blood vessels. Vascular remodeling occurs through blood vessel invagina-
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tion followed by the formation of intraluminal intussusceptive pillars that ultimately create
a double lumen [77,79]. The existence of intussusceptive microvascular growth as one of the
potential backup mechanisms to ensure tumor perfusion has emerged in GBM but also in
melanoma, colon cancer, breast carcinoma, and B-cell non-Hodgkin’s lymphoma [236]. An
angiogenic switch from sprouting to intussusception associated with malignancy recovery
has been reported after ionizing radiation or anti-VEGF treatment (PTK787/ZK222854)
in tumor xenografts in nude mice [237]. Compared to canonical neovascularization, VI
requires less energy and time consumption [236]. In addition, newly formed blood vessels
are less permeable and appear more refractory to anti-angiogenic inhibitors. Every aspect
is particularly useful for GBM progression [236,238]. The mediators leading this process
have not yet been identified [77].

3.5. Vasculogenic Mimicry

Under certain conditions, GBM aggressive tumor cells, marked by high plasticity,
organize spatially to form vessel-like channels that are then connected with the pre-existing
vascular system in order to provide the tumor mass with enough nutrients and oxy-
gen [239,240]. First discovered in melanoma, two different vascular mimicry (VM) modal-
ities have been identified in tumors so far: the vasculogenic mimicry of the patterned
matrix mode and the vasculogenic mimicry of the tubular mode [239,241]. In the first
type, the channels have a completely distinct morphology compared to endothelial blood
vessels, while in the second case, vasculogenic-like structures closely resemble capillar-
ies [241]. Both strategies have been observed in GBM, and the incidence of VM is often
associated with resistance to anti-angiogenic drugs and worse prognoses [240–244]. In-
deed, the research group of Angara et al. has previously outlined increased VM in GBM
following anti-angiogenic treatments (Vatalanib), supporting the hypothesis that it is an
alternative neovascularization mechanism, mainly induced by hypoxic conditions but
aggravated by angiogenesis inhibitors [239,245]. The so-called tumor-derived endothelial
cells (TDECs)—mature GBM tumor cells trans-differentiated into cells with an endothelial
phenotype—play a key role in promoting VM [246].

3.6. Trans-Differentiation of Cancer Stem-Like Cells

Recent research efforts have highlighted how the aggressive behavior of GBM is
largely attributable to GBM stem-like cells (GSCs), a small fraction of cancerous cells, with
high plasticity and self-renewal capacity, involved in tumor initiation, maintenance, and
progression [247,248]. Cancer stem-like cells (CSCs) were first identified at the end of
the 20th century. Bonnet and Dick, indeed, were pioneers in isolating CSCs from acute
myelogenous leukemia [249]. Since then, CSCs have become a hotspot on which many
research groups have focused. Their discovery has certainly provided new insights into
understanding tumor biology and eventually finding novel molecular biomarkers.

GSCs, typically located near hypoxic perivascular niches, show a slow-growing status
and a marked resistance to conventional treatments (both chemo- and radiotherapy) [250].
Endowed with stemness properties, GSCs exhibit a high differentiation potential, causing
extensive tumor heterogeneity, a hallmark of GBM [250]. It is now widely accepted that
GSCs can also trans-differentiate into an endothelial lineage, directly contributing to new
blood vessel formation [251]. In support of this, Ricci-Vitiani et al. found that, on average,
60% of GBM endothelial cells showed the same chromosomal aberrations as those reported
in GBM tumor cells, suggesting a cancerous origin [252]. Furthermore, they observed
trans-differentiation both in vitro, with the isolation of CD133+/CD31− GBM cells capable
of obtaining an endothelial phenotype, and in vivo using a xenograft model [253].



Int. J. Mol. Sci. 2025, 26, 2763 13 of 30

Moreover, the work of De Pascalis et al. has shown that in GBM recurring after
radiotherapy, the cerebral endothelium undergoes radiation-induced senescence, and the
fraction of tumor-derived cells with an endothelial phenotype increases by a factor of 2 to
2.7 compared to tumors from primary surgery. Therefore, GSCs likely play a compensatory
role by supporting the neovascularization of the brain endothelium undergoing radiation-
induced senescence [254]. This GSC-associated neovascularization mechanism seems
closely connected to hypoxia and occurs independently of the VEGF/VEGFR signaling
pathway. Therefore, bevacizumab, or other drugs that target the same pathway, have not
proven to be very effective at blocking the trans-differentiation of GSCs into GSC-derived
endothelial cells (GdECs) [253]. However, the efficacy of 349 different compounds in
inducing cell death in both GSC and GdEC cell lines was comprehensively evaluated, with
elesclomol (STA-4783) emerging as the most effective. Elesclomol compromises the survival
of both GSCs and GdECs, inducing a significant increase in mitochondrial reactive oxygen
species, leading to non-apoptotic, copper-dependent cell death. Furthermore, as confirmed
both in vitro and in vivo, the combination of elesclomol and TMZ enhances cytotoxicity
compared to TMZ alone [255].

4. Treating GBM: Between Pitfalls and Emerging Therapies
The current lack of successful therapies represents one of the major limitations in

GBM management. Several aspects contribute to making treatment options insufficient.
Firstly, removing the entire tumor is tricky given its critical location and highly infiltrative
nature. Even when the mass appears completely excised, GBM invariably comes back.
Furthermore, the presence of the blood–brain barrier (BBB) significantly obstructs effective
CNS drug delivery [256]. Most GBM patients are also intrinsically refractory to chemo-
/radiotherapy or develop resistance at a later time, a phenomenon primarily driven by
CSCs [257,258]. In addition, both the great intra-tumor heterogeneity and the marked
immunosuppressive microenvironment are closely related to the failure of current treat-
ments [259,260]. Moreover, aberrant angiogenesis and the coexistence of multiple modes of
neovascularization complicate the effectiveness of anti-angiogenic therapies [261].

The therapeutic landscape in the GBM setting is, however, currently evolving, and
immense efforts have been directed towards overcoming the Stupp protocol, the gold-
standard treatment to date, through the development of more promising therapeutic
approaches [262].

Bevacizumab (BEV), or Avastin, is a recombinant monoclonal IgG1 antibody, hu-
manized, specifically directed against VEGF-A, typically upregulated in GBM [63,263–265].
Based on data from two phase II studies, BRAIN and NCI 06-C-0064E, it was FDA-approved
in 2009 as a single agent for the treatment of recurrent glioblastoma, but its concrete ability
to improve the prognosis remains to be clarified [266,267]. In particular, in the BRAIN trial,
167 patients with GBM in their first or second relapse were randomly assigned to receive
BEV, alone or in combination with Irinotecan (a topoisomerase I inhibitor). The 6-month
PFS rates were 42.6% and 50.3%, respectively, and the median OS rates were 9.2 months and
8.7 months, respectively. Moreover, the group receiving BEV plus Irinotecan experienced
an increased incidence of grade 3 or higher treatment-related adverse events compared to
the BEV-alone group [268]. In the 06-C-0064E study, a single-center experience conducted
by the National Cancer Institute (NCI), instead, a cohort of 48 patients with recurrent GBM
was treated with BEV monotherapy until progression, resulting in a 6-month PFS of 29%
and a median OS of 31 weeks [269].

Given the single-agent treatment failure, the spotlight has shifted to the possible
application of polytherapy. The combination of two or more anti-cancer drugs, indeed, has
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recently emerged as a novel promising angle to explore, aiming to better prognoses and
increase therapeutic potential while reducing side effects [270].

In this respect, different clinical trials have examined the efficacy and toxicity of BEV
together with other chemotherapeutic drugs or radiotherapy, highlighting improvements
in the OS and/or PFS [271–274]. For example, the potential of BEV or Lomustine as
single agents versus a combination of BEV plus Lomustine was evaluated in a group of
153 patients with recurrent GBM, in a randomized controlled phase II study called the
BELOB trial. The primary end point was a 9-month OS. The main secondary end points
were the median PFS, median OS, objective response rate, and association of the outcome
with MGMT (O6-methylguanine-DNA methyltransferase) promoter methylation status
and IDH status. Overall, the 6-month PFS and the median OS were 16% and 8 months in
the BEV group, 13% and 8 months in the Lomustine group, and 42% and 12 months in the
BEV plus Lomustine group, respectively. The safety analysis showed that, after a reduction
in the Lomustine dose, the combination treatment was generally well tolerated, suggesting
promising prospects for the use of BEV integrated with Lomustine [273]. Later, following
the findings of the BELOB study, the EORTC (European Organization for Research and
Treatment of Cancer) 26101 phase III trial enrolled a total of 437 patients with recurrent
GBM, of whom 149 underwent Lomustine treatment alone, and 238 received Lomustine
plus BEV for a period of 37 months. Despite a longer PFS in the group treated with the
combination therapy (4.2 months vs. 1.5 months), there was no significant difference in
the median OS between the two cohorts (9.1 months in the combination group and 7.6
months in the monotherapy group) [266,275]. More precisely, in the RTOG 0825 trial, 637
newly diagnosed GBM patients were randomly assigned to receive either BEV or a placebo,
in addition to TMZ and radiotherapy. While the study suggested an improvement in
the PFS (10.7 months in the BEV group compared to 7.3 months in the placebo group), it
showed no evidence of a survival benefit. The median OS was, indeed, 15.7 months in the
BEV group and 16.1 months in the placebo group, respectively [263]. Based on the same
rationale, a second placebo-controlled study, called the AVAglio trial, enrolled a total of
921 newly diagnosed GMB patients who were randomly assigned to the BEV group (458
patients) or to the placebo group (463 patients). The addition of BEV to TMZ + radiotherapy
prolonged the PFS (8.4 months in the BEV group, 4.3 months in the placebo group) and
extended the baseline performance status, along with decreasing the glucocorticoid demand.
Conversely, the duration of OS observed did not significantly differ between the two cohorts
(16.8 months in the BEV group compared to 16.7 months in the placebo group) [276].
However, AVAglio patients were then retrospectively evaluated for molecular subtype, and
the group with proneural GBM actually showed an increase in OS after treatment with
Bevacizumab added to first-line therapy [277].

The potential role of alternative angiogenic inhibitors, including monoclonal anti-
bodies (Carotuximab anti-endoglin), tyrosine kinase inhibitors involved in angiogenesis
(Regorafenib: anti-VEGFR1,2,1, FGFR1, PDGFR-β, Sorafenib anti-VEGFR2/3, PDGFR-
β, Raf kinase, and FLT3; Sunitinib: anti-VEGFR2, PDGFR-α/β, and KIT; Cediranib: a
pan-VEGFR inhibitor; and others), and recombinant fusion proteins (Aflibercept, a de-
coy receptor anti-VEGF), either as monotherapy or in combination with other anti-cancer
drugs, is being investigated in numerous ongoing phase I, II, or III clinical studies, widely
described in the current literature with promising preliminary results [42,278–288].

The introduction of immunotherapy in clinical practice has changed the management
of previously difficult-to-treat solid tumors. However, immunotherapy in GBM has not
led to significant improvements in clinical outcomes. GBM is a cold tumor, capable of
implementing various immune escape strategies [260,289]. Nivolumab (anti-PD-1), Pem-
brolizumab (anti-PDL-1), and Ipilimumab (anti-CTLA4) are among the main immune
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checkpoint inhibitors tested as single agents in several clinical trials against recurrent or
newly diagnosed GBM but with marginal clinical benefits [260]. However, the therapeutic
efficacy of immune checkpoint inhibitors combined with anti-angiogenic drugs or with
vaccine-based/oncolytic virus-based/CAR-T-based approaches is currently under critical
evaluation [260,290].

The details of the most relevant clinical trials involving anti-angiogenic drugs, used
either alone or as part of a polytherapy regimen, in patients with recurrent or newly
diagnosed GBM, are provided in Table 1.

Questions regarding the optimal dosing regimen of BEV and other emerging drugs
for GBM management remain unresolved. While maximizing the likelihood of a response,
it is equally important to minimize therapy-related toxicity. However, the persistently high
incidence of drug-related side effects continues to be a significant limitation and requires
further investigation. From this perspective, for example, a phase II, comparative, ran-
domized, single-center clinical trial was specifically performed to compare the efficacy and
safety of low-dose BEV (5 mg/kg) plus Lomustine versus standard-dose BEV (10 mg/kg)
alone in 69 adults with recurrent GBM. The results showed a trend towards a longer median
PFS in the low-dose BEV + Lomustine arm in patients with their first relapse [291].

Furthermore, the presence of the blood–brain barrier, due to its highly protective
nature, complicates proper drug delivery to the brain, possibly resulting in suboptimal
concentrations of therapeutic agents at the tumor site and necessitating the development of
strategies to enhance drug penetration and reduce off-target effects [292].

Ultimately, one of the key challenges for the future will be the identification of effective
tumor-specific biomarkers and their integration with the assessment of each GBM’s genetic
signature, to predict which patient subgroups could benefit most from novel anti-angiogenic
therapies, either alone or in combination with other drugs. In this context, new research
avenues are currently exploring the potential of various angiogenic regulators as biomarkers
(such as lower concentrations of VEGF-A121 as a predictive circulating biomarker for
response to BEV or downregulated HIF1-α as a predictive tissue biomarker for response to
TMZ), in addition to identifying potential GSC biomarkers (such as CD133, CD44, SOX2,
CD15, CD70, ALDH3A1, and nestin) for the development of targeted and personalized
therapies [116,293,294].
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Table 1. List of the major clinical trials targeting angiogenesis in GBM, including information such as trial name, phase, number of patients, dose, progression-free
survival (PFS), overall survival (OS), and treatment-related side effects.

Trial Name/
Author Treatment Phase No. of

Patients Dose 6-Months PFS Median
OS Adverse Effects

BRAIN
[268]

BEV alone/
BEV+

Irinotecan
II 167 patients with recurrent

GBM

10 mg/kg every 2 weeks of BEV alone
or

10 mg/kg of BEV + 340 mg/m2 or 125 mg/m2

of Irinotecan (if taking or not taking
enzyme-inducing antiepileptic drugs,

respectively) every 2 weeks

42.6%
BEV alone

50.3%
BEV+

Irinotecan

9.2 months
BEV alone
8.7 months

BEV+
Irinotecan

Hypertension,
fatigue, headache,

convulsion,
diarrhea,

nausea, and
neutropenia

NCI
06-C-0064E

[269]
BEV II 48 patients with recurrent

GBM 10 mg/kg every 2 weeks 29% 31 weeks

Thromboembolic events,
hypertension,

hypophosphatemia, and
thrombocytopenia

BELOB
[273]

BEV/
Lomustine alone or
BEV + Lomustine

II 153 patients with recurrent
GBM

110 mg/m2 every 6 weeks of Lomustine alone
or

10 mg/kg every 2 weeks of BEV alone
or

90/110 mg/m2 every 6 weeks of Lomustine
combined with 10 mg/kg every 2 weeks of BEV

13%
Lomustine alone
16% BEV alone

42% BEV + Lomustine

8 months
Lomustine

alone
8 months
BEV alone

12 months BEV+
Lomustine

Hypertension,
fatigue, and
infections

EORTC
26101
[275]

BEV + Lomustine or
Lomustine alone III

437
patients with progressive

GBM

10 mg/kg every 2 weeks of BEV + 90 mg/m2

every 6 weeks of Lomustine
or

110 mg/m2 every 6 weeks of Lomustine alone

Not
available

9.1 months BEV + Lomustine
8.6 months Lomustine alone

Pulmonary embolism,
arterial hypertension,

and
hematologic toxic

effects

RTOG
0825
[263]

BEV/placebo
+ TMZ +

radiotherapy
III 637 patients with newly

diagnosed GBM
10 mg/kg every 2 weeks of BEV + TMZ +

radiotherapy
Not

available 15.7 months
Lymphopenia, neutropenia,

fatigue, and
thrombocytopenia

AVAglio
[276]

BEV/placebo + TMZ +
radiotherapy III 921 patients with newly

diagnosed GBM
10 mg/kg every 2 weeks of BEV + TMZ +

radiotherapy
Not

available

16.8 months
BEV

16.7 months
placebo

Hypertension, proteinuria,
thromboembolia, and wound

healing complications

ENDOT
[278]

Carotuximab
(TRC105) alone or

TRC105 + BEV
following radiation,

TMZ, and BEV therapy

II
22 patients with GBM that

had progressed after
chemoradiation

10 mg/kg weekly
TRC105 alone/

10 mg/kg split into two doses with 3 mg/kg
administered on cycle 1 day 8 and 7 mg/kg

administered on cycle 1 day 11
with TRC105 + BEV

13.3%
(calculated for the 15

evaluable patients treated with
BEV +

TRC105)

5.7 months
(calculated for the 15

evaluable patients treated with
BEV + TRC105)

Headache, epistaxis,
fatigue, TIA,

lower leg edema,
pulmonary embolism,

and
sinusitis

REGOMA
[286]

Regorafenib
or Lomustine II 119 patients with recurrent

GBM

160 mg once daily for the first 3 weeks of each
4-week cycle of Regorafenib or 110 mg/m2

every 6 weeks of Lomustine

Not
available

7.4 months
in the Regorafenib group/

5.6 months in the
Lomustine group

Hand–foot skin reaction,
increased lipase,

increased blood bilirubin,
decreased platelet/
lymphocyte count,

and
neutropenia
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Table 1. Cont.

Trial Name/
Author Treatment Phase No. of

Patients Dose 6-Months PFS Median
OS Adverse Effects

Hottinger, A.F
[281]

Sorafenib + TMZ +
radiotherapy I 17 patients with newly

diagnosed GBM 400 mg 2 times daily 86.7% 17.8 months

Thrombocytopenia,
neutropenia, alopecia,

nausea, vomiting,
hypophosphatemia,

and
fatigue

STELLAR
[287]

Sunitinib
or Lomustine (in the

control arm)
I

32 patients with recurrent
GBM in part I

37 patients with recurrent
GBM in part II

Part I
300 mg Q1W of Sunitinib

or
110 mg/m2

of Lomustine once every six weeks
Part II

700 mg Q2W of Sunitinib
or

110 mg/m2

of Lomustine once every six weeks

8% in part I with Sunitinib vs.
29% with

Lomustine
14% in part II with Sunitinib vs.

15% with
Lomustine

6.5 months in part I with
Sunitinib

vs. 4.7 months with
Lomustine

4.7 months in part II with
Sunitinib vs. 7 months with

Lomustine

Thrombocytopenia,
fatigue,

leukopenia,
diarrhea,
nausea,

and
vomiting

REGAL
[288]

Cediranib alone/in
combination with

Lomustine vs.
Lomustine plus

placebo

III 325 patients with
recurrent GBM

Cediranib alone (30 mg), Cediranib (20 mg) +
Lomustine (110 mg/m2),

or
Lomustine

(110 mg/m2) + placebo

16%
Cediranib alone

35%
Cediranib + Lomustine 25%

Lomustine alone

8.0 months Cediranib alone,
9.4 months Cediranib +

Lomustine
9.8 months

Lomustine alone

Diarrhea,
thrombocytopenia,

neutropenia,
and

hypertension

De Groot, J.F
[284] Aflibercept II

42 patients with GBM and
16 patients with anaplastic

glioma
4 mg/kg on day 1 of every 2-week cycle. 7.7% for

GBM 39 weeks

Fatigue,
thromboembolia,
wound healing,

and
CNS ischemia
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5. Conclusions
GBM is hallmarked by a singular vascular bed, in terms of morphology, architecture,

and functionality, which reflects a complex underlying biology. Tumor aspects like multiple
pro-angiogenic mediators and pathways, alternative strategies of neovascularization, high
intra- and inter-tumor heterogeneity, and strong resilience to current treatments emphasize
the imperative need to design novel standards of care in the fight against GBM, specifically
tailored to each patient’s molecular signature, which may impact various aspects of multi-
faceted neovascularization. Could combination therapies, corroborated by a more detailed
comprehension of GBM’s intricate landscape, represent valid options to improve patients’
clinical outcomes and their healthy lifespan in the near future?

Author Contributions: M.B. (Mariagiovanna Ballato) and M.M. are the principal authors and main
contributors to writing this manuscript. E.G., W.G.G., G.R., M.B. (Mariachiara Buccarelli), V.F. and
G.C. reviewed the literature. L.R.-V., Q.G.D., C.P., G.G., V.Z. and G.F. have read and revised this
manuscript. P.T., A.I. and M.C. revised the English language. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Rosa Scarfì for her technical support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ah-Pine, F.; Khettab, M.; Bedoui, Y.; Slama, Y.; Daniel, M.; Doray, B.; Gasque, P. On the Origin and Development of Glioblastoma:

Multifaceted Role of Perivascular Mesenchymal Stromal Cells. Acta Neuropathol. Commun. 2023, 11, 104. [CrossRef]
2. Loras, A.; Gonzalez-Bonet, L.G.; Gutierrez-Arroyo, J.L.; Martinez-Cadenas, C.; Marques-Torrejon, M.A. Neural Stem Cells as

Potential Glioblastoma Cells of Origin. Life 2023, 13, 905. [CrossRef] [PubMed]
3. Youssef, G.; Miller, J.J. Lower Grade Gliomas. Curr. Neurol. Neurosci. Rep. 2020, 20, 21. [CrossRef] [PubMed]
4. Zong, H.; Parada, L.F.; Baker, S.J. Cell of Origin for Malignant Gliomas and Its Implication in Therapeutic Development. Cold

Spring Harb. Perspect. Biol. 2015, 7, a020610. [CrossRef]
5. Weller, M.; Wen, P.Y.; Chang, S.M.; Dirven, L.; Lim, M.; Monje, M.; Reifenberger, G. Glioma. Nat. Rev. Dis. Primers 2024, 10, 33.

[CrossRef]
6. Garcia, M.R.; Feng, Y.; Vasudevaraja, V.; Galbraith, K.; Serrano, J.; Thomas, C.; Radmanesh, A.; Hidalgo, E.T.; Harter, D.H.; Allen,

J.C.; et al. Clinical, Pathological, and Molecular Characteristics of Diffuse Spinal Cord Gliomas. J. Neuropathol. Exp. Neurol. 2022,
81, 865–872. [CrossRef]

7. Aggarwal, P.; Luo, W.; Pehlivan, K.C.; Hoang, H.; Rajappa, P.; Cripe, T.P.; Cassady, K.A.; Lee, D.A.; Cairo, M.S. Pediatric versus
Adult High Grade Glioma: Immunotherapeutic and Genomic Considerations. Front. Immunol. 2022, 13, 1038096. [CrossRef]

8. Wang, G.-M.; Cioffi, G.; Patil, N.; Waite, K.A.; Lanese, R.; Ostrom, Q.T.; Kruchko, C.; Berens, M.E.; Connor, J.R.; Lathia, J.D.; et al.
Importance of the Intersection of Age and Sex to Understand Variation in Incidence and Survival for Primary Malignant Gliomas.
Neuro Oncol. 2022, 24, 302–310. [CrossRef]

9. Mo, Z.; Xin, J.; Chai, R.; Woo, P.Y.; Chan, D.T.; Wang, J. Epidemiological Characteristics and Genetic Alterations in Adult Diffuse
Glioma in East Asian Populations. Cancer Biol. Med. 2022, 19, 1440. [CrossRef]

10. Persaud-Sharma, D.; Burns, J.; Trangle, J.; Castro, G.; Barengo, N.; Moulik, S.; Manuel Lozano, J. Demographic Variation in the
Frequency of Gliomas in Florida. Medicina 2019, 55, 5. [CrossRef]

11. Ostrom, Q.T.; Egan, K.M.; Nabors, L.B.; Gerke, T.; Thompson, R.C.; Olson, J.J.; LaRocca, R.; Chowdhary, S.; Eckel-Passow, J.E.;
Armstrong, G.; et al. Glioma risk associated with extent of estimated European genetic ancestry in African-Americans and
Hispanics. Int. J. Cancer 2019, 146, 739. [CrossRef] [PubMed]

12. Frosina, G.; Casella, C.; Puppo, A.; Marani, E.; Campanella, D.; Boni, L.; Fontana, V. Epidemiology of Malignant Brain Tumors in
Genova, Italy. 1993–2017. Sci. Rep. 2024, 14, 27300. [CrossRef]

https://doi.org/10.1186/s40478-023-01605-x
https://doi.org/10.3390/life13040905
https://www.ncbi.nlm.nih.gov/pubmed/37109434
https://doi.org/10.1007/s11910-020-01040-8
https://www.ncbi.nlm.nih.gov/pubmed/32444979
https://doi.org/10.1101/cshperspect.a020610
https://doi.org/10.1038/s41572-024-00516-y
https://doi.org/10.1093/jnen/nlac075
https://doi.org/10.3389/fimmu.2022.1038096
https://doi.org/10.1093/neuonc/noab199
https://doi.org/10.20892/j.issn.2095-3941.2022.0418
https://doi.org/10.3390/medicina55010005
https://doi.org/10.1002/ijc.32318
https://www.ncbi.nlm.nih.gov/pubmed/30963577
https://doi.org/10.1038/s41598-024-79170-z


Int. J. Mol. Sci. 2025, 26, 2763 19 of 30

13. Mesti, T.; Ocvirk, J. Malignant Gliomas: Old and New Systemic Treatment Approaches. Radiol. Oncol. 2016, 50, 129. [CrossRef]
[PubMed]

14. Daswani, B.; Khan, Y. Insights into the Role of Estrogens and Androgens in Glial Tumorigenesis. J. Carcinog. 2021, 20, 10.
[CrossRef]

15. Rhun, E.L.; Weller, M. Sex-Specific Aspects of Epidemiology, Molecular Genetics and Outcome: Primary Brain Tumours. ESMO
Open 2020, 5, e001034. [CrossRef]

16. Stabellini, N.; Krebs, H.; Patil, N.; Waite, K.; Barnholtz-Sloan, J.S. Sex Differences in Time to Treat and Outcomes for Gliomas.
Front. Oncol. 2021, 11, 630597. [CrossRef]

17. Davis, M.E. Epidemiology and Overview of Gliomas. Semin. Oncol. Nurs. 2018, 34, 420–429. [CrossRef]
18. Ostrom, Q.T.; Kinnersley, B.; Armstrong, G.; Rice, T.; Chen, Y.; Wiencke, J.K.; McCoy, L.S.; Hansen, H.M.; Amos, C.I.; Bernstein,

J.L.; et al. Age-Specific Genome-Wide Association Study in Glioblastoma Identifies Increased Proportion of ‘Lower Grade
Glioma’-like Features Associated with Younger Age. Int. J. Cancer 2018, 143, 2359–2366. [CrossRef]

19. Krigers, A.; Demetz, M.; Thomé, C.; Freyschlag, C.F. Age Is Associated with Unfavorable Neuropathological and Radiological
Features and Poor Outcome in Patients with WHO Grade 2 and 3 Gliomas. Sci. Rep. 2021, 11, 17380. [CrossRef]

20. Choi, D.-J.; Armstrong, G.; Lozzi, B.; Vijayaraghavan, P.; Plon, S.E.; Wong, T.C.; Boerwinkle, E.; Muzny, D.M.; Chen, H.-C.; Gibbs,
R.A.; et al. The Genomic Landscape of Familial Glioma. Sci. Adv. 2023, 9, eade2675. [CrossRef]

21. Ostrom, Q.T.; Adel Fahmideh, M.; Cote, D.J.; Muskens, I.S.; Schraw, J.M.; Scheurer, M.E.; Bondy, M.L. Risk Factors for Childhood
and Adult Primary Brain Tumors. Neuro-Oncology 2019, 21, 1357–1375. [CrossRef] [PubMed]

22. Kinnersley, B.; Houlston, R.S.; Bondy, M.L. Genome-Wide Association Studies in Glioma. Cancer Epidemiol. Biomark. Prev. 2018,
27, 418–428. [CrossRef] [PubMed]

23. Kinnersley, B.; Labussière, M.; Holroyd, A.; Di Stefano, A.-L.; Broderick, P.; Vijayakrishnan, J.; Mokhtari, K.; Delattre, J.-Y.;
Gousias, K.; Schramm, J.; et al. Genome-Wide Association Study Identifies Multiple Susceptibility Loci for Glioma. Nat. Commun.
2015, 6, 8559. [CrossRef]

24. Segura, P.P.; Quintela, N.V.; García, M.M.; Berrón, S.d.B.; Sarrió, R.G.; Gómez, J.G.; Castaño, A.G.; Martín, L.M.N.; Rubio, O.G.;
Losada, E.P. SEOM-GEINO Clinical Guidelines for High-Grade Gliomas of Adulthood (2022). Clin. Transl. Oncol. 2023, 25, 2634.
[CrossRef]

25. Giannopoulou, A.-I.; Kanakoglou, D.S.; Piperi, C. Transcription Factors with Targeting Potential in Gliomas. Int. J. Mol. Sci. 2022,
23, 3720. [CrossRef]

26. Toader, C.; Eva, L.; Costea, D.; Corlatescu, A.D.; Covache-Busuioc, R.-A.; Bratu, B.-G.; Glavan, L.A.; Costin, H.P.; Popa, A.A.;
Ciurea, A.V. Low-Grade Gliomas: Histological Subtypes, Molecular Mechanisms, and Treatment Strategies. Brain Sci. 2023,
13, 1700. [CrossRef]

27. Byun, Y.H.; Park, C.-K. Classification and Diagnosis of Adult Glioma: A Scoping Review. Brain NeuroRehabilitation 2022, 15, e23.
[CrossRef]

28. Nafe, R.; Porto, L.; Samp, P.-F.; You, S.-J.; Hattingen, E. Adult-Type and Pediatric-Type Diffuse Gliomas: What the Neuroradiologist
Should Know. Clin. Neuroradiol. 2023, 33, 611–624. [CrossRef]

29. Komori, T. Grading of Adult Diffuse Gliomas According to the 2021 WHO Classification of Tumors of the Central Nervous
System. Lab. Investig. 2022, 102, 126–133. [CrossRef]

30. Park, Y.W.; Vollmuth, P.; Foltyn-Dumitru, M.; Sahm, F.; Ahn, S.S.; Chang, J.H.; Kim, S.H. The 2021 WHO Classification for Gliomas
and Implications on Imaging Diagnosis: Part 1—Key Points of the Fifth Edition and Summary of Imaging Findings on Adult-Type
Diffuse Gliomas. J. Magn. Reson. Imaging 2023, 58, 677–689. [CrossRef]

31. Fekete, B.; Werlenius, K.; Tisell, M.; Pivodic, A.; Smits, A.; Jakola, A.S.; Rydenhag, B. What Predicts Survival in Glioblastoma? A
Population-Based Study of Changes in Clinical Management and Outcome. Front. Surg. 2023, 10, 1249366. [CrossRef] [PubMed]

32. Luo, C.; Song, K.; Wu, S.; Hameed, N.U.F.; Kudulaiti, N.; Xu, H.; Qin, Z.-Y.; Wu, J.-S. The Prognosis of Glioblastoma: A Large,
Multifactorial Study. Br. J. Neurosurg. 2021, 35, 555–561. [CrossRef] [PubMed]

33. Marenco-Hillembrand, L.; Wijesekera, O.; Suarez-Meade, P.; Mampre, D.; Jackson, C.; Peterson, J.; Trifiletti, D.; Hammack, J.;
Ortiz, K.; Lesser, E.; et al. Trends in Glioblastoma: Outcomes over Time and Type of Intervention: A Systematic Evidence Based
Analysis. J. Neurooncol. 2020, 147, 297–307. [CrossRef] [PubMed]

34. Hatoum, A.; Mohammed, R.; Zakieh, O. The Unique Invasiveness of Glioblastoma and Possible Drug Targets on Extracellular
Matrix. Cancer Manag. Res. 2019, 11, 1843–1855. [CrossRef]

35. Goenka, A.; Tiek, D.; Song, X.; Huang, T.; Hu, B.; Cheng, S.-Y. The Many Facets of Therapy Resistance and Tumor Recurrence in
Glioblastoma. Cells 2021, 10, 484. [CrossRef]

36. Bonosi, L.; Marrone, S.; Benigno, U.E.; Buscemi, F.; Musso, S.; Porzio, M.; Silven, M.P.; Torregrossa, F.; Grasso, G. Maximal Safe
Resection in Glioblastoma Surgery: A Systematic Review of Advanced Intraoperative Image-Guided Techniques. Brain Sci. 2023,
13, 216. [CrossRef]

https://doi.org/10.1515/raon-2015-0003
https://www.ncbi.nlm.nih.gov/pubmed/27247544
https://doi.org/10.4103/jcar.JCar_2_21
https://doi.org/10.1136/esmoopen-2020-001034
https://doi.org/10.3389/fonc.2021.630597
https://doi.org/10.1016/j.soncn.2018.10.001
https://doi.org/10.1002/ijc.31759
https://doi.org/10.1038/s41598-021-96832-4
https://doi.org/10.1126/sciadv.ade2675
https://doi.org/10.1093/neuonc/noz123
https://www.ncbi.nlm.nih.gov/pubmed/31301133
https://doi.org/10.1158/1055-9965.EPI-17-1080
https://www.ncbi.nlm.nih.gov/pubmed/29382702
https://doi.org/10.1038/ncomms9559
https://doi.org/10.1007/s12094-023-03245-y
https://doi.org/10.3390/ijms23073720
https://doi.org/10.3390/brainsci13121700
https://doi.org/10.12786/bn.2022.15.e23
https://doi.org/10.1007/s00062-023-01277-z
https://doi.org/10.1038/s41374-021-00667-6
https://doi.org/10.1002/jmri.28743
https://doi.org/10.3389/fsurg.2023.1249366
https://www.ncbi.nlm.nih.gov/pubmed/37711136
https://doi.org/10.1080/02688697.2021.1907306
https://www.ncbi.nlm.nih.gov/pubmed/34236262
https://doi.org/10.1007/s11060-020-03451-6
https://www.ncbi.nlm.nih.gov/pubmed/32157552
https://doi.org/10.2147/CMAR.S186142
https://doi.org/10.3390/cells10030484
https://doi.org/10.3390/brainsci13020216


Int. J. Mol. Sci. 2025, 26, 2763 20 of 30

37. Tomar, M.S.; Kumar, A.; Srivastava, C.; Shrivastava, A. Elucidating the Mechanisms of Temozolomide Resistance in Gliomas and
the Strategies to Overcome the Resistance. Biochim. Biophys. Acta Rev. Cancer 2021, 1876, 188616. [CrossRef]

38. Brown, N.F.; Ottaviani, D.; Tazare, J.; Gregson, J.; Kitchen, N.; Brandner, S.; Fersht, N.; Mulholland, P. Survival Outcomes and
Prognostic Factors in Glioblastoma. Cancers 2022, 14, 3161. [CrossRef]

39. Mosteiro, A.; Pedrosa, L.; Ferrés, A.; Diao, D.; Sierra, À.; González, J.J. The Vascular Microenvironment in Glioblastoma: A
Comprehensive Review. Biomedicines 2022, 10, 1285. [CrossRef]

40. Tu, J.; Liang, H.; Li, C.; Huang, Y.; Wang, Z.; Chen, X.; Yuan, X. The Application and Research Progress of Anti-Angiogenesis
Therapy in Tumor Immunotherapy. Front. Immunol. 2023, 14, 1198972. [CrossRef]

41. Mukherjee, A.; Madamsetty, V.S.; Paul, M.K.; Mukherjee, S. Recent Advancements of Nanomedicine towards Antiangiogenic
Therapy in Cancer. Int. J. Mol. Sci. 2020, 21, 455. [CrossRef] [PubMed]

42. Schulte, J.D.; Aghi, M.K.; Taylor, J.W. Anti-Angiogenic Therapies in the Management of Glioblastoma. Chin. Clin. Oncol. 2021,
10, 37. [CrossRef] [PubMed]

43. Cohen, M.H.; Shen, Y.L.; Keegan, P.; Pazdur, R. FDA Drug Approval Summary: Bevacizumab (Avastin) as Treatment of Recurrent
Glioblastoma Multiforme. Oncologist 2009, 14, 1131–1138. [CrossRef] [PubMed]

44. Fisher, J.P.; Adamson, D.C. Current FDA-Approved Therapies for High-Grade Malignant Gliomas. Biomedicines 2021, 9, 324.
[CrossRef]

45. Sener, U.; Islam, M.; Webb, M.; Kizilbash, S.H. Antiangiogenic Exclusion Rules in Glioma Trials: Historical Perspectives and
Guidance for Future Trial Design. Neuro-Oncol. Adv. 2024, 6, vdae039. [CrossRef]

46. Qu, C.-Y.; Zheng, Y.; Zhou, M.; Zhang, Y.; Shen, F.; Cao, J.; Xu, L.-M. Value of Bevacizumab in Treatment of Colorectal Cancer: A
Meta-Analysis. World J. Gastroenterol. 2015, 21, 5072–5080. [CrossRef]

47. Cao, D.; Zheng, Y.; Xu, H.; Ge, W.; Xu, X. Bevacizumab Improves Survival in Metastatic Colorectal Cancer Patients with Primary
Tumor Resection: A Meta-Analysis. Sci. Rep. 2019, 9, 20326. [CrossRef]

48. Cutsem, E.V.; Rivera, F.; Berry, S.; Kretzschmar, A.; Michael, M.; DiBartolomeo, M.; Mazier, M.-A.; Canon, J.-L.; Georgoulias, V.;
Peeters, M.; et al. Safety and Efficacy of First-Line Bevacizumab with FOLFOX, XELOX, FOLFIRI and Fluoropyrimidines in
Metastatic Colorectal Cancer: The BEAT Study. Ann. Oncol. 2009, 20, 1842–1847. [CrossRef]

49. Soria, J.-C.; Mauguen, A.; Reck, M.; Sandler, A.B.; Saijo, N.; Johnson, D.H.; Burcoveanu, D.; Fukuoka, M.; Besse, B.; Pignon,
J.-P.; et al. Systematic Review and Meta-Analysis of Randomised, Phase II/III Trials Adding Bevacizumab to Platinum-Based
Chemotherapy as First-Line Treatment in Patients with Advanced Non-Small-Cell Lung Cancer. Ann. Oncol. 2013, 24, 20–30.
[CrossRef]

50. Liu, Y.; Li, H.-M.; Wang, R. Effectiveness and Safety of Adding Bevacizumab to Platinum-Based Chemotherapy as First-Line
Treatment for Advanced Non-Small-Cell Lung Cancer: A Meta-Analysis. Front. Med. 2021, 8, 616380. [CrossRef]

51. Ascha, M.S.; Wang, J.F.; Kumthekar, P.; Sloan, A.E.; Kruchko, C.; Barnholtz-Sloan, J.S. Bevacizumab for the Treatment of Non-Small
Cell Lung Cancer Patients with Synchronous Brain Metastases. Sci. Rep. 2019, 9, 17792. [CrossRef] [PubMed]

52. Thompson Coon, J.S.; Liu, Z.; Hoyle, M.; Rogers, G.; Green, C.; Moxham, T.; Welch, K.; Stein, K. Sunitinib and Bevacizumab for
First-Line Treatment of Metastatic Renal Cell Carcinoma: A Systematic Review and Indirect Comparison of Clinical Effectiveness.
Br. J. Cancer 2009, 101, 238–243. [CrossRef] [PubMed]

53. Feldman, D.R.; Ged, Y.; Lee, C.-H.; Knezevic, A.; Molina, A.M.; Chen, Y.-B.; Chaim, J.; Coskey, D.T.; Murray, S.; Tickoo, S.K.;
et al. Everolimus plus Bevacizumab Is Effective First-Line Treatment for Patients with Advanced Papillary Variant Renal Cell
Carcinoma: Final Results from a Phase II Trial. Cancer 2020, 126, 5247–5255. [CrossRef]

54. Zhang, A.B.; Mozaffari, K.; Aguirre, B.; Li, V.; Kubba, R.; Desai, N.C.; Wei, D.; Yang, I.; Wadehra, M. Exploring the Past, Present,
and Future of Anti-Angiogenic Therapy in Glioblastoma. Cancers 2023, 15, 830. [CrossRef]

55. Funakoshi, Y.; Takigawa, K.; Hata, N.; Kuga, D.; Hatae, R.; Sangatsuda, Y.; Fujioka, Y.; Otsuji, R.; Sako, A.; Yoshitake, T.; et al.
Changes in the Relapse Pattern and Prognosis of Glioblastoma After Approval of First-Line Bevacizumab: A Single-Center
Retrospective Study. World Neurosurg. 2022, 159, e479–e487. [CrossRef]

56. Khan, A.B.; Lee, S.; Harmanci, A.S.; Patel, R.; Latha, K.; Yang, Y.; Marisetty, A.; Lee, H.-K.; Heimberger, A.B.; Fuller, G.N.; et al.
CXCR4 expression is associated with proneural-to-mesenchymal transition in glioblastoma. Int. J. Cancer 2023, 152, 713–724.
[CrossRef]

57. Azam, Z.; To, S.T.; Tannous, B.A. Mesenchymal Transformation: The Rosetta Stone of Glioblastoma Pathogenesis and Therapy
Resistance. Adv. Sci. 2020, 7, 2002015. [CrossRef]

58. Luo, J.; Wang, Z.; Zhang, X.; Yu, H.; Chen, H.; Song, K.; Zhang, Y.; Schwartz, L.M.; Chen, H.; Liu, Y.; et al. Vascular Immune
Evasion of Mesenchymal Glioblastoma Is Mediated by Interaction and Regulation of VE-Cadherin on PD-L1. Cancers 2023,
15, 4257. [CrossRef]

59. Xu, C.; Hou, P.; Li, X.; Xiao, M.; Zhang, Z.; Li, Z.; Xu, J.; Liu, G.; Tan, Y.; Fang, C. Comprehensive Understanding of Glioblastoma
Molecular Phenotypes: Classification, Characteristics, and Transition. Cancer Biol. Med. 2024, 21, 363–381. [CrossRef]

https://doi.org/10.1016/j.bbcan.2021.188616
https://doi.org/10.3390/cancers14133161
https://doi.org/10.3390/biomedicines10061285
https://doi.org/10.3389/fimmu.2023.1198972
https://doi.org/10.3390/ijms21020455
https://www.ncbi.nlm.nih.gov/pubmed/31936832
https://doi.org/10.21037/cco.2020.03.06
https://www.ncbi.nlm.nih.gov/pubmed/32389001
https://doi.org/10.1634/theoncologist.2009-0121
https://www.ncbi.nlm.nih.gov/pubmed/19897538
https://doi.org/10.3390/biomedicines9030324
https://doi.org/10.1093/noajnl/vdae039
https://doi.org/10.3748/wjg.v21.i16.5072
https://doi.org/10.1038/s41598-019-56528-2
https://doi.org/10.1093/annonc/mdp233
https://doi.org/10.1093/annonc/mds590
https://doi.org/10.3389/fmed.2021.616380
https://doi.org/10.1038/s41598-019-54513-3
https://www.ncbi.nlm.nih.gov/pubmed/31780762
https://doi.org/10.1038/sj.bjc.6605167
https://www.ncbi.nlm.nih.gov/pubmed/19568242
https://doi.org/10.1002/cncr.33148
https://doi.org/10.3390/cancers15030830
https://doi.org/10.1016/j.wneu.2021.12.075
https://doi.org/10.1002/ijc.34329
https://doi.org/10.1002/advs.202002015
https://doi.org/10.3390/cancers15174257
https://doi.org/10.20892/j.issn.2095-3941.2023.0510


Int. J. Mol. Sci. 2025, 26, 2763 21 of 30

60. Phillips, H.S.; Kharbanda, S.; Chen, R.; Forrest, W.F.; Soriano, R.H.; Wu, T.D.; Misra, A.; Nigro, J.M.; Colman, H.; Soroceanu, L.;
et al. Molecular Subclasses of High-Grade Glioma Predict Prognosis, Delineate a Pattern of Disease Progression, and Resemble
Stages in Neurogenesis. Cancer Cell 2006, 9, 157–173. [CrossRef]

61. Huang, Y.-J.; Nan, G.-X. Oxidative Stress-Induced Angiogenesis. J. Clin. Neurosci. 2019, 63, 13–16. [CrossRef]
62. Jiang, X.; Wang, J.; Deng, X.; Xiong, F.; Zhang, S.; Gong, Z.; Li, X.; Cao, K.; Deng, H.; He, Y.; et al. The Role of Microenvironment

in Tumor Angiogenesis. J. Exp. Clin. Cancer Res. 2020, 39, 204. [CrossRef]
63. Ahir, B.K.; Engelhard, H.H.; Lakka, S.S. Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma. Mol.

Neurobiol. 2020, 57, 2461–2478. [CrossRef] [PubMed]
64. Guyon, J.; Chapouly, C.; Andrique, L.; Bikfalvi, A.; Daubon, T. The Normal and Brain Tumor Vasculature: Morphological and

Functional Characteristics and Therapeutic Targeting. Front. Physiol. 2021, 12, 622615. [CrossRef] [PubMed]
65. Gerstner, E.R.; Emblem, K.E.; Yen, Y.-F.; Dietrich, J.; Jordan, J.T.; Catana, C.; Wenchin, K.L.; Hooker, J.M.; Duda, D.G.; Rosen,

B.R.; et al. Vascular Dysfunction Promotes Regional Hypoxia after Bevacizumab Therapy in Recurrent Glioblastoma Patients.
Neurooncol. Adv. 2020, 2, vdaa157. [CrossRef]

66. Brisson, L.; Henrique Geraldo, L.; Bikfalvi, A.; Mathivet, T. The Strange Microenvironment of Glioblastoma. Rev. Neurol. 2023,
179, 490–501. [CrossRef]

67. Charalambous, C.; Chen, T.C.; Hofman, F.M. Characteristics of Tumor-Associated Endothelial Cells Derived from Glioblastoma
Multiforme. Neurosurg. Focus. 2006, 20, E22. [CrossRef]

68. Vartanian, A.; Singh, S.K.; Agnihotri, S.; Jalali, S.; Burrell, K.; Aldape, K.D.; Zadeh, G. GBM’s Multifaceted Landscape: Highlighting
Regional and Microenvironmental Heterogeneity. Neuro Oncol. 2014, 16, 1167–1175. [CrossRef]

69. Sounni, N.E.; Paye, A.; Host, L.; Noël, A. MT-MMPS as Regulators of Vessel Stability Associated with Angiogenesis. Front.
Pharmacol. 2011, 1, 111. [CrossRef]

70. Testa, E.; Palazzo, C.; Mastrantonio, R.; Viscomi, M.T. Dynamic Interactions between Tumor Cells and Brain Microvascular
Endothelial Cells in Glioblastoma. Cancers 2022, 14, 3128. [CrossRef]

71. Neubauer, K.; Zieger, B. Endothelial Cells and Coagulation. Cell Tissue Res. 2022, 387, 391–398. [CrossRef] [PubMed]
72. Mathivet, T.; Bouleti, C.; Van Woensel, M.; Stanchi, F.; Verschuere, T.; Phng, L.; Dejaegher, J.; Balcer, M.; Matsumoto, K.; Georgieva,

P.B.; et al. Dynamic Stroma Reorganization Drives Blood Vessel Dysmorphia during Glioma Growth. EMBO Mol. Med. 2017, 9,
1629–1645. [CrossRef] [PubMed]

73. Barlow, K.D.; Sanders, A.M.; Soker, S.; Ergun, S.; Metheny-Barlow, L.J. Pericytes on the Tumor Vasculature: Jekyll or Hyde?
Cancer Microenviron. 2013, 6, 1–17. [CrossRef] [PubMed]

74. Tate, M.C.; Aghi, M.K. Biology of Angiogenesis and Invasion in Glioma. Neurotherapeutics 2009, 6, 447–457. [CrossRef]
75. Sanati, M.; Afshari, A.R.; Amini, J.; Mollazadeh, H.; Jamialahmadi, T.; Sahebkar, A. Targeting Angiogenesis in Gliomas: Potential

Role of Phytochemicals. J. Funct. Foods 2022, 96, 105192. [CrossRef]
76. Dudley, A.C.; Griffioen, A.W. Pathological Angiogenesis: Mechanisms and Therapeutic Strategies. Angiogenesis 2023, 26, 313–347.

[CrossRef]
77. Plate, K.H.; Scholz, A.; Dumont, D.J. Tumor Angiogenesis and Anti-Angiogenic Therapy in Malignant Gliomas Revisited. Acta

Neuropathol. 2012, 124, 763–775. [CrossRef]
78. Pezzella, F.; Ribatti, D. Vascular Co-option and Vasculogenic Mimicry Mediate Resistance to Antiangiogenic Strategies. Cancer

Rep. 2020, 5, e1318. [CrossRef]
79. Belotti, D.; Pinessi, D.; Taraboletti, G. Alternative Vascularization Mechanisms in Tumor Resistance to Therapy. Cancers 2021,

13, 1912. [CrossRef]
80. Holst, C.B.; Pedersen, H.; Obara, E.A.A.; Vitting-Seerup, K.; Jensen, K.E.; Skjøth-Rasmussen, J.; Lund, E.L.; Poulsen, H.S.; Johansen,

J.S.; Hamerlik, P. Perspective: Targeting VEGF-A and YKL-40 in Glioblastoma—Matter Matters. Cell Cycle 2021, 20, 702–715.
[CrossRef]

81. Cuypers, A.; Truong, A.-C.K.; Becker, L.M.; Saavedra-García, P.; Carmeliet, P. Tumor Vessel Co-Option: The Past & the Future.
Front. Oncol. 2022, 12, 965277.

82. Ribatti, D.; Annese, T.; Tamma, R. Vascular Co-Option in Resistance to Anti-Angiogenic Therapy. Front. Oncol. 2023, 13, 1323350.
[CrossRef] [PubMed]

83. Zhang, R.; Yao, Y.; Gao, H.; Hu, X. Mechanisms of Angiogenesis in Tumour. Front. Oncol. 2024, 14, 1359069. [CrossRef]
84. Brat, D.J.; Van Meir, E.G. Glomeruloid Microvascular Proliferation Orchestrated by VPF/VEGF. Am. J. Pathol. 2001, 158, 789–796.

[CrossRef]
85. Ionescu, C.; Oprea, B.; Ciobanu, G.; Georgescu, M.; Bică, R.; Mateescu, G.-O.; Huseynova, F.; Barragan-Montero, V. The Angiogenic

Balance and Its Implications in Cancer and Cardiovascular Diseases: An Overview. Medicina 2022, 58, 903. [CrossRef]
86. Wong, A.L.; Haroon, Z.A.; Werner, S.; Dewhirst, M.W.; Greenberg, C.S.; Peters, K.G. Tie2 Expression and Phosphorylation in

Angiogenic and Quiescent Adult Tissues. Circ. Res. 1997, 81, 567–574. [CrossRef]
87. Al Sabti, H. Therapeutic Angiogenesis in Cardiovascular Disease. J. Cardiothorac. Surg. 2007, 2, 49. [CrossRef]

https://doi.org/10.1016/j.ccr.2006.02.019
https://doi.org/10.1016/j.jocn.2019.02.019
https://doi.org/10.1186/s13046-020-01709-5
https://doi.org/10.1007/s12035-020-01892-8
https://www.ncbi.nlm.nih.gov/pubmed/32152825
https://doi.org/10.3389/fphys.2021.622615
https://www.ncbi.nlm.nih.gov/pubmed/33746770
https://doi.org/10.1093/noajnl/vdaa157
https://doi.org/10.1016/j.neurol.2023.03.007
https://doi.org/10.3171/foc.2006.20.4.e22
https://doi.org/10.1093/neuonc/nou035
https://doi.org/10.3389/fphar.2011.00111
https://doi.org/10.3390/cancers14133128
https://doi.org/10.1007/s00441-021-03471-2
https://www.ncbi.nlm.nih.gov/pubmed/34014399
https://doi.org/10.15252/emmm.201607445
https://www.ncbi.nlm.nih.gov/pubmed/29038312
https://doi.org/10.1007/s12307-012-0102-2
https://www.ncbi.nlm.nih.gov/pubmed/22467426
https://doi.org/10.1016/j.nurt.2009.04.001
https://doi.org/10.1016/j.jff.2022.105192
https://doi.org/10.1007/s10456-023-09876-7
https://doi.org/10.1007/s00401-012-1066-5
https://doi.org/10.1002/cnr2.1318
https://doi.org/10.3390/cancers13081912
https://doi.org/10.1080/15384101.2021.1901037
https://doi.org/10.3389/fonc.2023.1323350
https://www.ncbi.nlm.nih.gov/pubmed/38148844
https://doi.org/10.3389/fonc.2024.1359069
https://doi.org/10.1016/S0002-9440(10)64025-4
https://doi.org/10.3390/medicina58070903
https://doi.org/10.1161/01.RES.81.4.567
https://doi.org/10.1186/1749-8090-2-49


Int. J. Mol. Sci. 2025, 26, 2763 22 of 30

88. Sund, M.; Nyberg, P.; Eikesdal, H.P. Endogenous Matrix-Derived Inhibitors of Angiogenesis. Pharmaceuticals 2010, 3, 3021–3039.
[CrossRef]

89. Saman, H.; Raza, S.S.; Uddin, S.; Rasul, K. Inducing Angiogenesis, a Key Step in Cancer Vascularization, and Treatment
Approaches. Cancers 2020, 12, 1172. [CrossRef]

90. Logsdon, E.A.; Finley, S.D.; Popel, A.S.; Gabhann, F.M. A Systems Biology View of Blood Vessel Growth and Remodelling. J. Cell.
Mol. Med. 2014, 18, 1491–1508. [CrossRef]

91. Senger, D.R.; Davis, G.E. Angiogenesis. Cold Spring Harb. Perspect. Biol. 2011, 3, a005090. [CrossRef] [PubMed]
92. Bulnes, S.; Bengoetxea, H.; Ortuzar, N.; Argandoña, E.G.; Garcia-Blanco, Á.; Rico-Barrio, I.; Lafuente, J.V. Angiogenic Signalling

Pathways Altered in Gliomas: Selection Mechanisms for More Aggressive Neoplastic Subpopulations with Invasive Phenotype. J.
Signal Transduct. 2012, 2012, 597915. [CrossRef] [PubMed]

93. Gupta, M.K.; Qin, R.-Y. Mechanism and Its Regulation of Tumor-Induced Angiogenesis. World J. Gastroenterol. 2003, 9, 1144–1155.
[CrossRef]

94. Sebestyén, A.; Kopper, L.; Dankó, T.; Tímár, J. Hypoxia Signaling in Cancer: From Basics to Clinical Practice. Pathol. Oncol. Res.
2021, 27, 1609802. [CrossRef]

95. Yang, Y.; Sun, M.; Wang, L.; Jiao, B. HIFs, Angiogenesis, and Cancer. J. Cell Biochem. 2013, 114, 967–974. [CrossRef]
96. Ziello, J.E.; Jovin, I.S.; Huang, Y. Hypoxia-Inducible Factor (HIF)-1 Regulatory Pathway and Its Potential for Therapeutic

Intervention in Malignancy and Ischemia. Yale J. Biol. Med. 2007, 80, 51–60.
97. Kaur, B.; Khwaja, F.W.; Severson, E.A.; Matheny, S.L.; Brat, D.J.; Van Meir, E.G. Hypoxia and the Hypoxia-Inducible-Factor

Pathway in Glioma Growth and Angiogenesis. Neuro-Oncology 2005, 7, 134–153. [CrossRef]
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